"All cells come from cells". With this phrase Rudolph Virchow, founder of cell pathology, postulated that all cells of the human body arise from a pre-existing stem cell, in this way opening a new approach to establish the origin, the functions and the cell plasticity. In the beginning there is the stem cell, a single totipotent cell, that gives rise to a progeny that differentiates into all the specialized adult tissues (I). Tissue development in the embryo results from the growth and differentiation of pluripotent stem cells that form increasingly specialized cell types with different endpoints (Fig.l) . In fact, cell differentiation is believed to be a unidirectional pathway. For example, when primitive germ layers become committed to form specific tissues and organs they are not able to dedifferentiate or to trans-differentiate into another tissue type. In specialized solid tissue, stem cell differentiation is accomplished by the progressive remodelling of pre-existing extracellular matrix scaffolds and it is the coordination between these processes in both time and space that provides correct pattern formation (2). Permanent restoration of tissue characterized by high and continuous self-renewal and the problem of progenitor cellplasticity are particularly relevant in considering the potential of progenitor cells in adult organs. The cells of normal adult organs are continually being replaced. This replacement is accomplished by the proliferation of progenitor cells and transit-amplifying cells and the differentiation of their offspring provides an expanded population of mitotically competent cells called progenitor cells, producing a progeny that differentiates into more mature cells that can no longer proliferate and die (3). Previous experimental data have shown that hematopoietic or blood-forming cells are located in the bone marrow, and the ability of the bone marrow progenitor cells to form colonies of various types of blood cells was first described as colonies forming units (4).
Haemopoiesis is sustained by two main cellular components, the hematopoietic cells and the mesenchymal progenitor cells (5-6). Mesenchymal progenitor cells (MPCs). precursors of mesenchymal tissues, are multi potent and represent the precursors for marrow stroma, bone, cartilage, muscles and connective tissue (7) . To date. different authors have focused their attention on the precise identification of the biological properties of somatic adult mesenchymal stem cells (MSCs), also named marrow stromal cells, specifically regarding their existence of stem cell niche in the adult organism and their biological importance as a source of stem cells (H-9). The stem cell niche is a highly specialized microenvironment which surrounds adult stem cells. These niches are key regulators of stem cell activity. A complete characterization of the cellular, biochemical and molecular interactions of MSCs within their niche is needed in order to understand how these cells can be optimally regulated in vitro and whether they could be used for therapeut IC approaches and gene therapy.
Despite the fact that bone marrow is considered a well-accepted source of MSCs. these cells have been isolated from other tissue sources, suggesting that the MSCs niche may not be restricted to bone marrow (10) (11) : MSCs seem to be diversely distributed in vivo and this fact could point out a significant regenerative potential for the treatment and cure of a variety of diseases in different tissues of the body (I I). III vivo, stem cells reside in a complex microenvironment characterized by their local geometry, by specific types of neighbouring cells and by extracellular matrix components. The dynamic microenvironment is dependent on different specific tissues, and their properties are influenced by factors such as vascularization and loading. The understanding of microenvironment is necessary to mimic in vivo the induction to growth and differentiation, The cytokines network and growth factors are important regulators produced by stem cells or their neighboring cells in an autocrinc or paracrine manner and often. associated with other components, induce a synergistic response. In vivo, the cells are in contact with surrounding cells and extracellular matrix (ECM). dynamic structures of interacting molecules regulating cell functions (Fig.  2) . The interactions between cell and cell and with the ECM influence the self-renewal and differentiation of stem cells and, in particular, their significance in the modulation of adult stem cells of intestinal crypts. has been reported (12) (13) . Mathematical (\4) and experimental studies (12) suggest thai as few as four to six stem cells are sufficient to maintain homeostasis of intestinal crypts. and when these cells leave a stem cell niche they are induced to differentiate and this process is regulated by a variety of ECM proteins and receptors that are differentially expressed in the stem cells area.
Recent researches have demonstrated that MSCs, expanded ex vivo, were able not only to regenerate tissues of the mesenchymal lineage. such as intervertebral disc cartilage (15) . bone (16) and cardiornyocytes (17) . but also to differentiate into cells derived from other embryonic layers, including neurons (I H). Gene targeting using adenovirus lu.s been successfully used to disrupt dominant-negative: mutant collagen type I genes in human MSCs frorr individuals affected by osteogenesis imperfccra. making ex vivo genetic manipulation and autologous transplantation of MSCs a possible therapeutic option for this genetic disorder (16) .
It has also been demonstrated that progenitor cells represented in a keratinocytc culture had a hierarchical organization and. under clonogenic conditions. formed different types of colonies (holoclones, meroclones and paraclones) with varying ability in their self-renewal and In generating a differentiated epidermis (I, 19) . Only holoelones are the product of true stem cells for their excellent self-replicating capacity, while rncroclones represent a population of transient amplifying cells and paraclones represent a population of senescent or differentiating progenitors. Adult stem cells might then offer medical solutions that avoid the ethical and legal implications of gene therapy. The concept of producing "spare parts" of the body for the replacement of damaged or lost organs with a variety of biotechnological practices is generally called tissue engineering. The number of tissues with the potential to be engineered has been increased by the recent progress in stem cell biology and the knowledge of the biological and physical properties of stem cells.
We examined the features of MSCs obtained by dental tissues and their involvement in regenerative procedures.
Mesenchymal stem cells and teeth
Teeth are present only in vertebrates and are parallel to the evolutionary appearance of neural crest. Tooth development represents a classic example of an epithelial-mesenchymal interaction. in this case between the overlying epithelium and the underlying neural crest-derived mesenchyme.
The regulation of tooth patterning from incisors to molars is generated by a combinatorial expression of HOX genes expressed in the mesenchyme. In respect to each tooth's individual development, the epithelium governs differentiation to the bud stage, at which time this regulatory function is transferred to the mesenchyme.
Signals for development involve growth factors including WNTs (wingless type), bone morphogenetic proteins (BMPs) and fibroblast growth factors (FGFs), the secreted factor sonic hedgehog (SHH) and transcription factors, such as MSX I and 2 that interact in a complex pathway to produce cell differentiation and patterning for each tooth (20) (21) . Therefore, during development, tooth morphogenesis progresses through mutually inductive signalling between interacting oral ephitelium and mesenchymal cells derived from the neural crest (20, (22) (23) (24) . Tooth
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Autocrine and paracrine cytokines and growth factors signalling stem cells have shown expression ofvarious markers present in endothelial and smooth muscle cells as VCAM-I, CDI46, CD34 (24) and alpha-smooth muscle actin (26) .
The presence of these perivascular markers indicate a possible niche for DPSCs in association with blood vessel walls, determining the ability to differentiate the DPSCs (27) . Therefore, these cells have been cultured with various inductive medium promoting adipocyte differentiation and, after several weeks of induction, the cells were Oilred 0 positive, showing the high plasticity of this cell population. This evidence suggests that these cells were not committed along the odontogenic lineage but had a more primitive multipotential phenotype capable of developing in other stromal cells as adypocytes, cells absent in adult dental pulp tissue (28) . Dental pulp can be a viable source of easily-attainable cells with a possible potential for cell transplantation therapies. The presence in the dental pulp of a cell population with neuronal differentiation capacity has been reported (29) . These cells can also have the ability to differentiate after induction in mesenchymal tissues, offering a novel approach for regenerative procedures (30) (31) (32) . Moreover, a population of multipotent stem cells has been reported in periodontal ligament. STROI/CDl46 positive cells with the ability to develop into cementoblast-like cells and with the capacity to form collagen fibres similar to Sharpey's fibres, connecting to the cementum-like tissue, have been shown to be present (33) . The periodontal ligament is a soft, specialized connective tissue found between the cementum and the inner wall of the alveolar bone; it has not only an important role in supporting teeth and as sensory receptor, but also contributes to tooth nutrition and homeostasis. The repair of damaged tissues is supported by stem cells migrating from the vascular region, as well as by local cells (33) (34) . Since periodontal diseases are infectious diseases and are the main cause of tooth loss, the reconstruction of periodontium is certainly a major goal of periodontal therapy (35) .
Recently, investigators have also explained the multipotency of postnatal stem cells derived from periodontal ligament, and their possibility in periodontal tissue regeneration (33, 36 (25) . Comparing the gene expression profiles by deoxyribonucleic acid (c DNA) microarray of human dental pulp cells and bone marrow stromal cells, it has been demonstrated that they possess similar levels of gene expression in more than 4000 known human genes (25) . Immunophenotype analyses of expanded ex vivo primary dental pulp in rodents have the capacity to differentiate and have exhibited the ability to generate cementum/ POL-like structures that may assist in periodontal tissue repair, demonstrating the ability that these cells might have in dental tissue engineering (36) . MSCs from periodontal ligament are able to form calcified deposits in vitro, as has been seen in other mesenchymal stem cells derived from bone marrow and dental pulp (33, 37) . Trubiani et al. have shown an alternative strategy to expand adult MSCs from oral tissues in a logarithmic and controllable bioprocess that provides new and interesting possibilities to explore mesenchymal stem/progenitor machinery in cell biology (35) . Using morphological and cytofluorimetric analyses these authors have characterized MSCs derived from periodontal ligament, offering the possibility to understand all their morphological features and a possible correlation with their function (Fig. 3) . More importantly, these cells could be an ideal carrier for delivering genes into the tissues for gene therapy applications and tissue engineering. They are directly obtained from individual patients and can eliminate all complications associated with immune rejection of allogenic tissue, and they would not induce any immunoreactivity in the host upon .ocal transplantation or systemic administration.
In many laboratories further studies are being carried out to enhance their clinical usefulness and to evaluate the maintenance and differentiation of this cell population and the signal transduction regulating their mechanisms in vivo and in vitro.
Current application and future directions of MSCS therapy
The potential clinical application of MSCs has been explored in four principal areas: I) local implantation of MSCs for localized diseases; 2) systemic transplantation; 3) use of MSCs in tissue engineering; 4) combining stem cell therapy with gene therapy (38) .
Two early animal studies have reported that local Recently, some authors proved the efficacy of MSCs local therapy for coronary artery disease (43) and non-healed chronic skin wounds (44) . Further clinical trials with an adequate number of patients should be performed to confirm these initial encouraging results.
Transplanted allogeneic MSCs in children with severe osteogenesis imperfecta have led to the production of normal collagen, and in patients with Hurler's syndrome and severe idiopathic aplastic anemia there were some clinical improvement after allogenic MSCs transplantation (45) (46) (47) . Another study by Koc et al. demonstrated an improved haematological recovery in breast cancer patients who received transplanted autologous MSCs mixed with peripheral blood progenitor cells (48). A recent review by Bacigalupo suggested the efficacy of bone-marrow-derived MSCs transplantation in the treatment of various haematological disorders (49) .
The use of MSCs in tissue engineering has received widespread attention in recent years. Tissue engineering implies the construction of new tissue using isolated cells such as MSCs, biocompatible scaffolds and growth factors (GFs) (50) . The scaffolds are constituted by different biomaterials that provide a three-dimensional space for the cells to form into new tissues and also allow the delivery of cells and bioactive factors such as GFs to desired sites in the body (5 I). Several biomaterials have been used for tissue engineering: naturally-derived materials such as collagen; acellular tissue matrices; synthetic polymers such as polyglycolic and polylactic acids; bioceramics such as hydroxyapatite, bioglasses and calcium phosphate ceramics (52) (53) (54) . The number of tissues with the potential to be engineered is growing steadily, from epithelial surfaces to skeletal tissues (55) . Engineering the correct shape and physical structure of a graft in two-dimensional epidermis can be relatively simple to achieve ex vivo, while on the other hand, an engineering of the skeleton is more complex and needs an appropriate three-dimensional carrier before transplantation (55) . Regeneration of articular cartilage was obtained in rabbit knees by transplanting MSCs seeded into biodegrable porous osseous tissue and warrants future applications in the differentiation of other tissues (64) (65) (66) (67) . Indeed, the niche of stem cells found in dental pulp, as well as the one in periodontal ligament, could be used for therapeutic needs, probably with the same potential of bone marrow-derived stem cells (65-67). Batouli et ai. have shown that human DPSCs as well as BMSSCs (bone marrow stromal stem cells), isolated, cultured, and mixed with hydroxyapatite/ tricalcium phosphate powder, differentiated into osteoblasts and odontoblasts and generated bone and dentin, respectively, in mice transplants (32) . Dentin regeneration has been also achieved in dogs, using porcine pulp cells in an endogenous scaffold of collagenous extracellular matrix after treatment with BMP-2 (30).
In conclusion, stem cells may be the key to replacing cells lost in many devastating diseases such as cancer, diabetes, Alzheimer's disease, heart disease and neurological disorders as well as in solving dental problems. However, it remains to be determined to what extent the cells contributed to the clinical improvement, and current challenges point to the control of the differentiation and proliferation processes of stem cells once they have been implanted into patients t59). polymeric scaffolds and cultured in a medium enriched with Transforming Growth Factor-~(TGF-) and ascorbic acid (56) . In the dental field, a study by Yamada et al. investigated the possibility of a rapid and more effective bone regeneration around dental implants using an injectable tissue-engineered bone with MSCs and platelet-rich plasma (57) .
Convincing preclinical results and clinical trials are lacking but studies are about to start in a number of centers (52) . Gene transfer strategies for tissue repair and regeneration have two options: direct in vivo gene delivery via different vectors encoding for the desired therapeutic genes and ex vivo cell-mediated gene therapy (58) . The latter consists in removing specific cells from the patient, genetically modifying the cells and re-implanting them into the original patient (59) . The ex vivo approach, pioneered by Lieberman et aI., can achieve osseous union by implanting genetically engineered MSCs into critical size defects in rodents (60). Turgeman et al. have shown that MSCs infected with adenoviral vectors encoding for the osteogenic factor BMP-2 can induce bone formation in ectopic subcutaneous sites in mice (58) . Thus, these authors suggest that ex vivo expansion and genetic engineered MSCs can represent a useful approach to restore osteogenetic activity in osteoporotic patients (58) . A major drawback of ex vivo gene delivery is the antigenic burden that leads to the need to culture autologous cells from each patient (61 t Stem cells could be successfully allografted, however, in a rat segmental defect model, while allogenic mesenchymal stem cells transduced with BMP-2 only healed the defect if an immunosuppressant was administered, thus raising difficult safety concerns (62) .
Although the majority of the above-mentioned clinical applications referred to MSCs isolated from bone marrow, these treatment approaches can also be used for stem cells derived from other tissues, ranging from muscle, fat, neural tissue, skin and teeth (25, 61, 63) . Indeed, as extensively mentioned in the first part of this review, dental pulp and periodontal ligament provide a rich source of progenitors cells (Fig. 4) (28, 33) . Based on the reported information, the potential of stem cells derived from dental tissues can range from the regeneration of dentin-pulp complex and the repair of periodontal tissue to the formation of 3.
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